Negative selection is designed to purge the immune system of high-avidity, self-reactive T cells and thereby protect the host from overt autoimmunity. In this in vivo viral infection model, we show that there is a previously unappreciated dichotomy involved in negative selection in which high-avidity CD8 ؉ T cells specific for a dominant epitope are eliminated, whereas T cells specific for a subdominant epitope on the same protein preferentially escape deletion. Although this resulted in significant skewing of immunodominance and a substantial depletion of the most promiscuous T cells, thymic and/or peripheral deletion of high-avidity CD8 ؉ T cells was not accompanied by any major change in the TCR V␤ gene family usage or an absolute deletion of a single preferred complementarity-determining region 3 length polymorphism. This suggests that negative selection allows high-avidity N egative selection is a unique process that determines which T cells will be deleted in the thymus and which ones will differentiate into mature cells that are then released into the periphery (1-5). Positive selection occurs first and requires that T cells demonstrate at least a weak interaction with self-peptides presented by the appropriate MHC molecules (6, 7). If there is no structural interaction with peptide and MHC, then the cells are considered irrelevant and essentially die of neglect. In contrast, if the structural avidity for self-peptide and MHC is too high, then the T cells are deleted by negative selection (5, 8) . This system of checks and balances is intended to ensure the host of a rich and diverse population of useful T cells that are not inherently autoaggressive.
N egative selection is a unique process that determines which T cells will be deleted in the thymus and which ones will differentiate into mature cells that are then released into the periphery (1) (2) (3) (4) (5) . Positive selection occurs first and requires that T cells demonstrate at least a weak interaction with self-peptides presented by the appropriate MHC molecules (6, 7) . If there is no structural interaction with peptide and MHC, then the cells are considered irrelevant and essentially die of neglect. In contrast, if the structural avidity for self-peptide and MHC is too high, then the T cells are deleted by negative selection (5, 8) . This system of checks and balances is intended to ensure the host of a rich and diverse population of useful T cells that are not inherently autoaggressive.
To better understand the process of negative selection and how this influences the peripheral T cell repertoire generated in response to a viral infection, we have developed a transgenic model (RIP-NP) in which H-2 d mice express the nucleoprotein (NP) 3 
of lymphocytic choriomeningitis virus (LCMV) under the rat insulin promoter (RIP). This results in directed expression of the LCMV
NP gene in the islet cells of the pancreas, and serendipitously, also in the thymus but not in any other organs (9) . Thymic grafting experiments indicate that negative selection against LCMV NP occurs in the thymus before T cells reach the periphery (9, 10) , and expression of the transgene does not lead to any signs of autoimmunity in naive, uninfected animals (9, 10) . Mice that express the LCMV NP gene are able to mount a sufficiently strong antiviral T cell response to effectively clear an LCMV infection with kinetics that are similar to those observed in nontransgenic BALB/c mice (11) . However, this also leads to a state of anti-islet autoimmunity in Ͼ90% of the mice on the H-2 d background within 3 wk, due to the activation of self-reactive T cells that target LCMV NP expressed in the ␤ cells of the pancreas (9, 10) . LCMV-induced activation and expansion of self-specific CD8 ϩ T cells thus provides a useful in vivo model for examining the structural, functional, and phenotypic characteristics of autoreactive T cells that have been stimulated by a peripheral viral infection functioning as the initiator of a bona fide autoaggressive immune response.
In this study, we have examined the consequences of negative selection on a peripheral CD8 ϩ T cell pool capable of responding to a viral Ag. Remarkably, self-reactive CD8 ϩ T cells specific for a subdominant epitope were largely unaffected by thymic and/or peripheral selection, whereas the T cell response against a dominant epitope was significantly compromised in terms of both functional avidity as well as structural avidity. Functional responsiveness was assessed by stimulation with subsaturating doses of peptides or activation by various peptide analogs, whereas TCR avidity of the dominant T cell populations was determined by peptidetetramer binding assays. In terms of negative selection events that occur in vivo, our results demonstrate three important points: 1) CD8 ϩ T cells specific for subdominant epitopes can escape negative selection in the thymus and peripheral organs virtually unscathed; 2) the most promiscuous CD8 ϩ T cells specific for an immunodominant self-epitope are also the most likely to be deleted during negative selection; and 3) CD8 ϩ T cells specific for dominant epitopes are deleted as a function of their structural avidity, but these changes are not associated with any major changes in TCR expression levels or the family of V␤ genes that are used. Together, this indicates that the process of negative selection narrows the structural diversity of the peripheral T cell pool, but without necessarily leading to unacceptable defects within the TCR repertoire.
Materials and Methods

Mice and virus
BALB/c mice were bred at the Scripps Research Institute breeding facility, and all animal experiments were performed in compliance with our institutional guidelines. RIP-NP transgenic mice expressing the LCMV NP gene in the thymus and pancreas were generated in our laboratory and backcrossed Ͼ12 generations on the BALB/c background; they have been previously characterized (9, 10) . Mice were infected by the i.p. route with 2 ϫ 10 5 PFU of LCMV Armstrong and analyzed at 8 days postinfection.
Intracellular cytokine staining (ICCS) and flow cytometry
Ag-specific CD8 ϩ T cells were stimulated directly ex vivo for 6 or 10 h in the presence of the indicated concentrations of peptide as previously described (12) with the exception that 200 M DTT was added as a reducing agent to increase the solubility of gp283 and NP313 peptides (13) . Addition of DTT at this concentration had no effect on the NP118-specific IFN-␥ response but had a substantial enhancing effect on the dose-response curves following NP313-or gp283-specific stimulation. For functional fingerprinting analysis using NP118 peptide analogs, each peptide variant was used at a concentration of 1 ϫ 10 Ϫ7 M. mAbs used to stain for IFN-␥ and cell surface markers were obtained from BD PharMingen (San Diego, CA) and samples were blocked with anti-FcR (clone 2.4G) and mouse IgG (Sigma-Aldrich, St. Louis, MO) before staining.
Tetramer-binding analysis
NP118-L
d tetramer reagents were prepared as described (14) or prepared by the National Institutes of Health Tetramer Core Facility (Atlanta, GA). For structural avidity analysis, samples were normalized for the number of tetramer ϩ T cells by adding naive spleen cells, and then the cells were incubated with NP118 tetramers at the indicated dilutions for 15 min at 37°C, washed, stained with anti-CD8 (clone 53-6.7), washed and fixed in PBS containing 2% formaldehyde before acquisition and analysis on a FACScan (BD Biosciences, Mountain View, CA) instrument, and analyzed using CellQuest software (BD Biosciences).
T cell receptor repertoire analysis
Repertoire analysis was performed using a modified protocol to that described by Pannetier et al. (15) . NP118-specific CD8 ϩ T cells from RIP-NP and BALB/c mice at 8 days post-LCMV infection were stained with NP118 tetramers and anti-CD8 and sorted to Ͼ98% purity before RNA extraction and cDNA synthesis. Total RNA was isolated from cell suspensions of individual samples using an RNA isolation kit (RNeasy; Qiagen, Valencia, CA) as per the manufacturer's instructions. cDNA synthesis was then performed using an oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer according to the manufacturer's instructions (Life Technologies, Rockville, MD). From each cDNA, PCR were then performed using V␤ primers (see Ref. 15 ) and a common C␤ primer (CACTGATGTTCTGTGTGACA). Using 2 l of this PCR product as template, run-off reactions were performed with internal fluorescent primers for the different J␤s (see Ref. 15) , with a 5-min 94°C denature and then 12 cycles of 94°C for 45 s, 60°C for 45 s, and 72°C for 45 s, followed by a 10-min extension at 72°C. These products were then denatured in deionized formamide and analyzed on an Applied Biosystems 310 Prism Genetic Analyzer (Foster City, CA). Data was analyzed using the GeneScan 2.0 software (Applied Biosystems).
Results
Expression of LCMV NP skews the antiviral T cell epitope hierarchy
The peak of the effector CD8 ϩ T cell response against LCMV occurs at ϳ8 days postinfection (14) , a time that also represents the peak in functional responsiveness by NP118-specific CD8 ϩ T cells in BALB/c mice (12) . At this time point, ϳ40% of the splenic CD8 ϩ T cells in BALB/c mice were specific for the immunodominant epitope, NP118, whereas only 3-5% of the T cell response was directed toward the subdominant epitopes, gp283 or NP313 (Fig. 1A) . In contrast, the frequency of NP118-specific CD8 ϩ T cells in RIP-NP mice was significantly reduced (by nearly 50%, p Ͻ 0.05), whereas the frequency of T cells specific for gp283 and NP313 was increased by 2-to 3-fold (Fig. 1B) . However, after normalizing for the total number of virus-specific CD8 ϩ T cells per spleen, the NP118-specific T cell response in RIP-NP mice is ϳ4-fold lower than that observed in BALB/c mice, whereas the total number of CD8 ϩ T cells specific for gp283 and NP313 is nearly the same in each strain of mice (data not shown). A strong T cell response to gp283 was expected (10) , because this viral protein is not expressed in the thymus or pancreas of RIP-NP mice. However, it was striking that negative selection had virtually no inhibitory effect on the activation and expansion of the NP313-specific T cell response. Instead, the NP313-specific T cell response in RIP-NP mice remained surprisingly similar to the gp283-specific T cell response. The remarkable effects of negative selection on the immunodominance hierarchy of Ag-specific T cell populations are best exemplified by comparing the ratio of T cell frequencies specific for intramolecular epitopes (NP118:NP313) vs intermolecular epitopes (gp283:NP313) (Fig. 1C) . In BALB/c mice, immunodominant NP118-specific T cells outnumber subdominant NP313-specific T cells by nearly 10:1. This ratio is significantly decreased in RIP-NP mice ( p ϭ 0.002) due to the lower frequency of NP118-specific T cells and the substantially higher frequency of NP313-specific T cells that are triggered after viral infection (Fig. 1B) . In sharp contrast, the ratio of NP313-specific T cells to gp283-specific T cells remains at about a 1:1 ratio, and is not significantly altered ( p ϭ 0.3) by the expression of LCMV NP in RIP-NP mice. Together, these studies demonstrate that expression of a viral Ag (LCMV NP) in the thymus and the periphery (i.e., the pancreas) can have a substantial effect on the outcome of an antiviral immune response, resulting in a sharply decreased T cell response to an immunodominant epitope (NP118) while at the same time inducing a strong T cell response to a selfspecific, subdominant epitope (NP313) and a non-cross-reactive epitope (gp283) located on a viral protein that is not expressed as a self-Ag.
Negative selection preferentially deletes dominant T cells of high functional avidity
We examined the functional responsiveness of virus-specific CD8 ϩ T cells from LCMV-infected RIP-NP mice and compared this to the T cell responses elicited by BALB/c mice (Fig. 2) . Functional avidity was determined by stimulating T cells directly ex vivo with graded doses of specific peptide followed by quantitation of IFN-␥ production by ICCS. NP118-specific CD8 ϩ T cells that escaped negative selection in RIP-NP mice required 30-to 100-fold more peptide Ag than NP-118-specific T cells from BALB/c mice to elicit a 50% maximal IFN-␥ response (Fig. 2D) . In contrast, the antiviral T cell responses to gp283 and NP313 were relatively similar between both groups, with RIP-NP mice exhibiting just slightly lower functional avidity than that of BALB/c mice ( Fig. 2 , E and F, respectively). The mean fluorescence intensity (MFI) of IFN-␥ production by Ag-specific CD8
ϩ T cells was equivalent between BALB/c and RIP-NP mice (NP118 (10 Ϫ4 M) ϭ 339 Ϯ 56 vs 376 Ϯ 25; gp283 (10 Ϫ6 M) ϭ 561 Ϯ 114 vs 507 Ϯ 36; NP313 (10 Ϫ4 M) ϭ 426 Ϯ 27 vs 481 Ϯ 42), indicating that there were no obvious defects in the activation and inflammatory cytokine production by any of these T cell populations after an appropriate threshold of activation was reached. The most striking conclusion to be drawn from these studies is that thymic selection resulted in a massive reduction in the functional avidity of immunodominant T cells while having little to no effect on the responsiveness of T cells specific for a subdominant T cell epitope.
Of the three T cell populations studied, thymic selection had its greatest impact on the immunodominant T cell responses to NP118. To further analyze the differences between NP118-specific CD8 ϩ T cell functions elicited by RIP-NP and BALB/c mice, we examined their relative T cell responsiveness to several NP118 peptide analogs, each consisting of a single amino acid substitution at sites believed to be TCR contact residues (Fig. 3 ). Similar to previous work (16), NP118-specific CD8 ϩ T cells from BALB/c mice are capable of responding to several variants of the original NP118 peptide sequence, but with varying degrees of efficiency. This results in a functional fingerprint of TCR recognition (16 -20) . Compared with NP118, peptide variant 122A stimulated NP118-specific T cells relatively well, whereas the other peptide variants shown in Fig. 3 are either intermediate or weak inducers of IFN-␥ production. Nonetheless, at least a subpopulation of NP118-specific T cells from LCMV-infected BALB/c mice was able to respond to all 10 peptide analogs. NP118-specific T cells from RIP-NP mice were similar to NP118-specific T cells from BALB/c mice in terms of their responsiveness to peptide variant 122A, but were substantially less capable of responding to many of the other peptide analogs and were unable to mount a detectable IFN-␥ response against 5 of 10 of the peptides examined in this study. The results of the functional avidity ( Fig. 2 ) and functional fingerprinting ( Fig. 3) analyses clearly demonstrate that, at the population level, the NP118-specific CD8 ϩ T cells that escaped negative selection in RIP-NP mice are less functionally responsive to peptide stimulation than are those of their wild-type BALB/c counterparts.
Expression of activation molecules on virus-specific T cells
Upon antigenic stimulation, T cells will typically up-regulate several types of accessory molecules involved with T cell activation and/or T cell adhesion to APCs (12, (21) (22) (23) (24) . We performed phenotypic analysis of NP118-specific CD8 ϩ T cells from LCMV-infected RIP-NP and BALB/c mice to see whether there were any discernable differences in their states of activation (Fig. 4) . In these studies, we examined the expression of a representative panel of these activation/adhesion molecules including CD2, CD11a (LFA-1), CD28, CD43 FIGURE 1. LCMV-specific CD8 ϩ T cell epitope hierarchy is skewed in RIP-NP transgenic mice. Adult BALB/c and RIP-NP transgenic mice were infected with LCMV Armstrong, and the frequency of virus-specific T cells was determined directly ex vivo by ICCS analysis. A, At 8 days postinfection, LCMVspecific CD8
ϩ T cells were cultured with no peptide or with saturating amounts of peptide Ag (10 Ϫ4 M NP118, 10 Ϫ6 M gp283, or 10 Ϫ4 M NP313) and the frequency of IFN-␥ ϩ CD8 ϩ T cells is shown in the upper right quadrant of each dot plot. B, Expression of the LCMV NP gene as a self-Ag resulted in a sharply lower NP118-specific T cell response, whereas there was a substantially higher frequency of gp283-specific and NP313-specific T cells in RIP-NP mice compared with that of BALB/c mice analyzed in parallel. Data are expressed as the percentage of CD8 ϩ T cells that are specific for the indicated peptides. C, Skewing of the T cell epitope hierarchy in RIP-NP mice resulted in a significantly reduced ratio between dominant (NP118-specific) and subdominant (NP313-specific) T cell populations (ratio ϭ number of NP118-specific T cells/number of NP313-specific T cells). In contrast, there was no significant difference in the ratio between NP313-specific and gp283-specific T cell numbers in either strain of mice (ratio ϭ number of gp283-specific T cells/number of NP313-specific T cells). The results show the average and SD of three mice per group and represent one of three experiments, each with similar results. Statistical significance was calculated by Student's t test.
(mAb clone 1B11), and CD49d (VLA-4). At 8 days post-LCMV infection, the NP118-specific CD8 ϩ T cells from RIP-NP mice expressed this group of markers at levels that were equivalent to those observed on NP118-specific T cells isolated from LCMV-infected BALB/c mice. High expression levels of these activation/adhesion molecules on NP118-specific CD8 ϩ T cells from RIP-NP mice indicated that these cells had reached an equivalent stage of T cell activation to that observed in NP118-specific T cells from BALB/c mice. Together, these results indicate that the differences in functional avidity between NP118-specific T cells from RIP-NP and BALB/c mice are unlikely to be due to differences in their state of activation.
Negative selection purges the system of T cells with high structural avidity
The rules of negative selection stipulate that T cells with the highest structural avidity for self-Ags will be deleted from the peripheral T cell repertoire (5, 8) . To determine how much this affected the structural avidity of NP118-specific CD8 ϩ T cells that escaped thymic depletion in RIP-NP mice, we used MHC class I-peptide tetramer binding assays. CD8
ϩ T cells of high structural avidity will typically bind higher levels of peptide tetramers than will low-avidity T cells (25) (26) (27) (28) (29) (30) . Likewise, staining Ag-specific T cells with graded dilutions of peptide-tetramer reagents is a technique used to reveal differences in structural avidity (12, 26, (31) (32) (33) and corresponds well with tetramer off-rate kinetics (33) . We examined the NP118 tetramer binding capacity of CD8 ϩ T cells from RIP-NP and BALB/c mice at 8 days post-LCMV infection (Fig. 5) . In our studies, we observed a significantly lower level of NP118 tetramer staining on virus-specific CD8 ϩ T cells from LCMVinfected RIP-NP mice (MFI ϭ 52 Ϯ 5) compared with that observed in BALB/c mice (MFI ϭ 72 Ϯ 5) when saturating amounts of peptide tetramer were used ( p ϭ 0.004). In particular, we noticed that the Ag-specific T cells that bound the highest levels of peptide tetramer were the most sharply depleted in RIP-NP mice (Fig. 5A) . We next stained the CD8 ϩ T cells with graded dilutions of NP118 tetramer to see whether there were differences in their ability to bind subsaturating amounts of peptide tetramer (Fig. 5B) . We found statistically significant divergence in tetramer binding at ϩ T cells from naive mice or LCMVinfected RIP-NP and BALB/c mice were stained with saturating amounts of NP118 tetramer and examined by flow cytometry. The frequency of NP118 tetramer ϩ CD8 ϩ T cells in RIP-NP and BALB/c mice was similar to that obtained by ICCS following NP118 peptide stimulation (see Fig. 1 ). However, the MFI of NP118 tetramer staining was significantly lower in RIP-NP mice compared with that observed in BALB/c mice (p ϭ 0.004). This appears to be due to a preferential loss of Ag-specific CD8 ϩ T cells in RIP-NP mice that bind the highest levels of peptide tetramer, as indicated by the arrows and boxes in the upper right quadrant of the dot plots. B, To further quantitate these differences in structural avidity, Ag-specific CD8 ϩ T cells from LCMV-infected RIP-NP and BALB/c mice were stained with graded concentrations of NP118 tetramer at 37°C for 15 min followed by washing and staining for CD8 and analysis by flow cytometry. The results show the average and SD of three mice per group with statistical significance between groups determined at each tetramer concentration using Student's t test.
FIGURE 6. Immunodominant CD8
ϩ T cells of either low or high structural avidity express the same conserved V␤ repertoire. The TCR usage of NP118-specific CD8 ϩ T cells from LCMV-infected RIP-NP and BALB/c mice was determined by staining cells with NP118 tetramers, CD8, and Abs specific for the indicated V␤ gene families. A, The values represent the average and SD of two BALB/c mice and five RIP-NP mice, and V␤ usage is expressed as a percentage of the total NP118-specific T cell population. B, Low-avidity NP118-specific CD8 ϩ T cells from RIP-NP mice and highavidity T cells from BALB/c mice both predominantly used the V␤8 (V␤8.1/8.2) gene family. Analysis of the relative MFI of V␤8 staining indicated that the levels of TCR on the surface of NP118 tetramer ϩ lowavidity and high-avidity T cells were essentially the same. The data represent the average and SD of three mice per group. C, Expression of the CD8 coreceptor on low-avidity NP118-specific T cells from RIP-NP mice was indistinguishable from the expression levels of CD8 expression on high-avidity NP118-specific T cells from BALB/c mice. The data represent the average and SD of three mice per group. five different dilutions, resulting in at least a 3-fold difference in the 50% maximum binding efficiency of NP118 tetramer binding. These results demonstrate that the NP118-specific CD8 ϩ T cells that escaped negative selection in RIP-NP mice were indeed purged of their peripheral T cells bearing the highest structural avidity for self-peptide Ag.
TCR V␤ gene family usage by low-and high-avidity T cells
We assumed that thymic deletion of self-specific T cells of high structural avidity would lead to a hole in the TCR repertoire, resulting in substantial changes in the TCR V␤ usage of the crossreactive antiviral T cell pool. To examine this issue, we stained Ag-specific CD8 ϩ T cells from LCMV-infected RIP-NP and BALB/c mice with NP118 tetramers and mAbs against several different TCR V␤ families (Fig. 6) . To our surprise, we found very few changes in the TCR V␤ usage of T cells bearing receptors of low or high structural avidity (Fig. 6A) . Although NP118-specific T cells from RIP-NP mice demonstrated a slight increase in their frequency of new V␤ families such as V␤4 and V␤6, the dominant V␤ families still consisted mainly of V␤8.1/8.2 and V␤10, similar to that observed in BALB/c mice (16, 34) .
TCR or CD8 down-regulation have been proposed as mechanisms for escape from thymic deletion (35, 36) , so we next examined the expression levels of V␤8.1/8.2 and the CD8 coreceptor on NP118-specific T cells (Fig. 6, B and C) . We found no discernable differences in the expression levels of TCR or CD8 on NP118 tetramer ϩ T cells of high or low structural avidity. This would further suggest that the differences in NP118 tetramer binding (Fig.  5) are not due to differences in TCR or CD8 coreceptor expression levels and instead are most likely due to basic differences in the structural interactions between the TCR and peptide-MHC. At 8 days post-LCMV infection, CD8 expression levels on NP118-specific T cells from both strains of mice were equally down-regulated in comparison to those of naive CD8 ϩ T cells (data not shown), and are another indication that both groups of T cells were highly activated, effector cell populations (37, 38) . These data are consistent with the phenotypic analysis shown in Fig. 4 , which together argues against differences in T cell activation being a factor involved in the observed differences in structural avidity (31) .
In an attempt to determine whether there were major differences in the molecular structures of the NP118-specific CD8 ϩ T cell populations within a specific V␤ family, we performed complementarity-determining region 3 (CDR3) length "immunoscope" analysis, a technique also known as spectratyping (15) (Fig. 7) . The length of the CDR3 region is an important factor in determining Ag recognition (29, 39 -41) , and the immunoscope approach allows one to identify shifts in CDR3 length profiles. Naive T cells typically exhibit a CDR3 profile representing a Gaussian curve centered on an arbitrary number of amino acids within the CDR3 region. In contrast, if there has been selective expansion of a subset of T cells expressing a specific CDR3 length, then the profile will be skewed in favor of the CDR3 length containing the preferred fit of the expanded T cell population (16, 34) and may differ between individual, yet genetically identical mice (34) . In these experiments, we sorted NP118 tetramer ϩ CD8 ϩ T cells from RIP-NP and BALB/c mice at 8 days post-LCMV infection, and used the immunoscope technique to yield multiple RT-PCR bands representing the relative sizes and distribution of the various VDJ combinations in V␤8.1, V␤8.2, and V␤10 gene families (comprising 36 different combinations; data not shown). These different-sized bands are then represented as individual electropherogram peaks, as shown for three representative VDJ combinations in Fig. 7 . Although the NP118-specific CD8 ϩ T cells from LCMV-infected RIP-NP mice were consistently of low structural avidity (Fig. 5),   FIGURE 7 . Immunoscope analysis of low-and high-avidity CD8 ϩ T cells. The CDR3 length profiles of low-avidity (RIP-NP) or high-avidity (BALB/c) NP118-specific CD8 ϩ T cells were determined using sorted NP118 tetramer ϩ CD8 ϩ T cells from mice at 8 days post-LCMV infection (y-axis in arbitrary units). Analysis of the V␤8.2-J␤1.1 TCR provides an example showing greater skewing of the CDR3 length polymorphisms in T cells from RIP-NP mice compared with that observed in NP118-specific T cells from BALB/c mice. However, the dominant CDR3 peaks in NP118-specific CD8 ϩ T cells from two of the three RIP-NP mice still corresponded to at least one of the two dominant peaks observed in NP118-specific T cells from BALB/c mice. Examination of V␤8.2-J␤2.7 TCR revealed that NP118-specific T cells from RIP-NP mice expressed a narrower CDR3 length profile than did NP118-specific T cells from BALB/c mice, whereas assessment of the V␤10-J␤1.6 TCR indicated that three of three of the samples from RIP-NP mice were identical with two of three samples obtained from BALB/c mice. Together, these results indicate that a definitive pattern of CDR3 length polymorphism could not be directly correlated with low structural avidity.
we did not identify a defining feature/pattern in CDR3 length polymorphisms that could readily distinguish between TCR of low or high structural avidity. In some cases, such as V␤8.2-J␤1.1, we did indeed observe skewing of the low-avidity TCR CDR3 usage, which was more diverse than that observed in high-avidity T cells from BALB/c mice (Fig. 7) . However, we also identified cases in which the V␤ CDR3 regions of low-avidity T cells represented a more narrow CDR3 length usage (e.g., V␤8.2-J␤2.7), or nearly identical CDR3 length usage (e.g., V␤10-J␤1.6), as that observed in high-avidity T cell populations. Overall, these results indicate that low-avidity T cell populations are similar to high-avidity populations in that they lose the typical Gaussian curve of CDR3 length polymorphisms found in the naive T cell repertoire and are thus selected for populations representing the best fit for their stimulatory peptide Ag. However, within these polyclonal T cell populations, there appears to be no absolute loss of any particular V␤ CDR3 length that would correspond directly with low structural avidity.
Discussion
It is well established that a small proportion of lower affinity (2, 10), self-reactive T cells are capable of escaping thymic deletion and go on to survive in the periphery (1, (3) (4) (5) . However, many of these studies have involved the use of TCR transgenic T cells and provide little direct information on the effects of negative selection on a polyclonal T cell repertoire or how this might affect the overall T cell response mounted against a viral pathogen. In our studies, we found that thymic and/or peripheral deletion in RIP-NP mice resulted in a significantly lower CD8 ϩ T cell response against an immunodominant T cell epitope than that observed in BALB/c mice. However, expression of LCMV NP as a self-protein had virtually no effect on the peripheral T cell response against a subdominant T cell epitope, even though it is expressed on the same protein as the immunodominant epitope. These differences in negative selection caused significant skewing of the antiviral T cell epitope hierarchy. Further analysis revealed that the immunodominant NP118-specific CD8 ϩ T cells from LCMV-infected RIP-NP mice were of lower functional avidity than that observed in BALB/c mice and required 30-to 100-fold more peptide to induce an effective IFN-␥ response. In contrast, the functional responsiveness of subdominant NP313-specific T cells was virtually unaltered by thymic/peripheral expression of LCMV NP. The lower functional responsiveness of NP118-specific T cells in RIP-NP mice was further verified by experiments showing that these cells were also substantially less capable of responding to various altered peptide ligands. Phenotypic analysis of several activation/ adhesion molecules indicated that low functional responsiveness was not due to insufficient T cell activation, but instead appeared to hinge on low structural avidity of the TCR, as determined by peptide-tetramer binding assays. Remarkably, although dominant T cells with the highest structural avidity for self-Ag were purged from the immune system, this did not greatly alter the TCR V␤ gene families used by the responding T cell populations or result in the absolute deletion of any one specific CDR3 length within an individual V␤ family. These results indicate that negative selection can be very biased, resulting in preferential deletion of high-avidity dominant T cell populations while leaving subdominant T cell responses virtually unaltered. It is unknown whether these differences are due to alterations in Ag processing or presentation (or perhaps mediated by immunoproteosomes (42)), but nevertheless, this has important implications for determining the nature and specificity of autoreactive T cell populations observed during an autoimmune response.
The underlying mechanisms that determine immunodominance between T cells of different peptide specificity are not well understood. Ag processing and presentation are believed to be the main factors involved in determining T cell hierarchy (43) , but this process may be further complicated by the capacity of the available CD8 ϩ T cell repertoire to recognize any given peptide epitope. Our results indicate that negative selection can have a profound impact on the available T cell repertoire that is specific for a crossreactive viral peptide and that this can result in dramatic changes in the outcome of the antiviral T cell epitope hierarchy. Negative selection is not absolute, and as shown here, the low-avidity NP118-specific CD8 ϩ T cells that escaped deletion in RIP-NP mice were still capable of dominating the antiviral T cell response. This suggests that other factors besides TCR avidity for peptide/ MHC must also be involved in determining immunodominance. These factors may include differences in processing/presentation of different peptide Ags (43) , as well as potential differences in T cell effector functions, such as IFN-␥ synthesis (Refs. 44 and 45; F. Liu, manuscript in preparation). If virus-specific T cells coincidentally cross-react with a self-Ag, then they will likely be selected from a more narrow range of lower TCR avidities, and these potential differences in the available T cell repertoire may represent an important piece of the immunodominance puzzle.
We found significant differences in the functional responsiveness of NP118-specific T cells from LCMV-infected RIP-NP mice and NP118-specific cells from BALB/c mice (Figs. 2 and 3 ). There was nearly a 100-fold difference in their ability to produce IFN-␥ after stimulation with subsaturating levels of peptide Ag. This confirms our previous observations noting large differences in the peptide requirements for inducing CTL activity by these low-avidity and high-avidity T cell populations (9, 10) , which is consistent with the avidity model for thymic negative selection (2) . To further assess these differences, we performed functional fingerprinting analysis using altered peptide ligands for stimulation (Fig. 3) . We found that 10 of 10 peptide variants were immunostimulatory for at least a small subpopulation of NP118-specific CD8 ϩ T cells from BALB/c mice, whereas only 5 of 10 peptide variants were able to elicit a detectable IFN-␥ response from NP118-specific T cells from RIP-NP mice. This leads to the interesting conclusion that single amino acid changes in peptide specificity have a more profound effect on the recognition and functional responsiveness of low-avidity T cell populations than high-avidity T cell populations. These results indicate that negative selection in RIP-NP mice not only deletes high-avidity, self-reactive T cells, but also preferentially depletes the more promiscuous subpopulations of T cells that recognize variants of the original selecting peptide epitope. This suggests that the lower-avidity T cells that are present within a typical autoreactive T cell repertoire may not cause disease in most instances because they are less promiscuous in terms of Ag recognition.
To determine the underlying factors involved with the low functional responsiveness of NP118-specific T cells that escaped negative selection in RIP-NP mice, we examined the phenotype and surface marker expression of these Ag-specific cells. Previous studies using TCR transgenic mice have indicated that T cells that escape negative selection may do so by becoming anergic (46) or by down-regulating surface receptors such as their TCR or CD8 (35, 36) . Our results indicate that the low-avidity T cells from RIP-NP mice were not anergic but instead were highly activated and expressed a variety of activation/adhesion markers at levels that were identical with those observed on virus-specific T cells from BALB/c mice (Fig. 4) . Furthermore, we found no differences in the levels of TCR (V␤8.1/8.2) or CD8 coreceptor expression on NP118-specific T cells of low or high avidity (Fig. 6, B and C) . In addition, NP118-specific CD8 ϩ T cells from RIP-NP mice expressed similar levels of IFN-␥ (Fig. 1A) and, if normalized for their differences in frequency (Fig. 1) , they would likely show similar levels of direct ex vivo CTL activity (9, 10) when stimulated with saturating amounts of peptide. Together, this indicates that these low-avidity T cells do not possess any obvious functional defects, aside from a significantly higher threshold of activation required to initiate their effector functions.
The selective loss of high-avidity T cells in LCMV-infected RIP-NP mice could be visualized by simply measuring the MFI of peptide-tetramer staining (Fig. 5A) . This result is a common feature among many model systems that examine the effects of negative selection on Ag-specific T cells (28 -30) . We further quantitated the differences between the structural avidity of NP118-specific T cells in RIP-NP and BALB/c mice by staining the cells with subsaturating amounts of NP118 tetramer and found significant differences in their ability to bind low levels of peptide tetramer (Fig.  5B ). These differences in avidity are likely to be due to structural constraints imposed by thymic/peripheral selection (9, 10) and not due to potential differences in selective expansion of high-avidity T cells because our previous studies in BALB/c mice clearly show that the peptide-tetramer binding capacity of NP118-specific T cells at early (days 4.5 and 5 postinfection) and late time points (day 8 postinfection) are virtually superimposable (12) . In BALB/c mice, ϳ60 -70% of the Ag-specific T cells reside within just three V␤ families consisting of V␤8.1, V␤8.2, and V␤10 (16) . The lowavidity NP118-specific CD8 ϩ T cells recovered from LCMV-infected RIP-NP mice also maintained this relatively conservative TCR V␤ repertoire (Fig. 6 ). This indicates that the range and/or frequency of lower-avidity T cell subsets within a privileged V␤ family surpasses that which would be found in other V␤ families for a given peptide epitope. This is consistent with the results of a previous study that examined the V␣ repertoire in an H-Y-specific TCR V␤ transgenic model system (29) . In this study, negative selection in male mice resulted in H-Y-specific T cells of lower TCR avidity, even though the TCR V␤-transgenic T cells still used the same V␣ gene family (V␣9) as did the H-Y-specific T cells of high structural avidity. In contrast to our study, this group noted that low-avidity H-Y-specific T cells in male mice demonstrated a preferential depletion of CDR3 sequences with an optimal length of amino acids, whereas we were unable to find an absolute depletion of any one specific CDR3 length polymorphism (Fig. 7) . The differences between these two studies may be that we analyzed polyclonal T cells in which changes in the CDR3 polymorphisms of the V␤ repertoire may have been due to changes in the amino acid composition of the retained CDR3 motif or they may have been compensated by changes/deletions in the CDR3 polymorphisms of the accompanying V␣ repertoire.
Our study focused on the impact of negative selection on the V␤ repertoire and biological functions of autoreactive CD8 ϩ T cells activated in vivo by a cross-reactive viral pathogen. We found that thymic selection preferentially depleted high-avidity self-reactive CD8 ϩ T cells specific for an immunodominant epitope while sparing antiviral and potentially self-reactive T cells specific for a subdominant epitope. A similar dichotomy regarding negative selection of dominant and subdominant CD4 ϩ T cells has also been noted (47, 48) . However, direct ex vivo quantitation and analysis of TCR diversification of the dominant and subdominant T cells were not performed in these earlier studies. In addition, a comparison of how negative selection affected the structural avidity, functional avidity (cytokine production or CTL activity), and epitope promiscuity of these autoreactive T cell populations was not determined. Nevertheless, our work, combined with these previous studies (47, 48) , suggests that preferential escape of subdominant T cells from negative selection is probably far more common than previously believed. Self-reactive T cells require activation by an exogenous trigger such as a cross-reactive viral infection before they can cause symptoms of autoimmunity (49) , and our studies (Fig. 3) suggest that negative selection preferentially deletes the most promiscuous or cross-reactive T cell populations, which might help explain why autoimmunity is relatively infrequent in the general population. By increasing our understanding of the structural and functional attributes of self-reactive T cells that escape negative selection, we might be able to develop more effective therapies for treating a variety of T cell-mediated autoimmune diseases such as insulin-dependent diabetes and multiple sclerosis. In addition, knowledge of the preferential survival of self-specific subdominant T cell populations reveals that this might be an important new avenue to pursue in the search for effective tumor cell Ags for developing antitumor vaccines to aid in the fight against cancer.
